Introduction
The European Spallation Source (ESS) will be built near Lund, Sweden. The construction and operation of the source will be performed by a collaboration of 17 European countries. Sweden, Denmark, and Norway will cover fifty percent of the cost and the majority of the rest of the cost will be financed by in-kind contributions from the remaining fourteen countries. With the technical design complete in 2013, the goal is to begin construction in 2014, produce neutrons by 2019, and be at full power by 2025.
ESS is an accelerator-based neutron source facility that will provide the most intense pulsed neutron beams in the world for scientific research and industrial development. The neutron beams will be used for neutron scattering measurements. Neutron scattering allows scientists to track scattered neutrons, measure their energies and the angles at which they scatter, and map their final positions.
Neutron scattering offers a complementary view of matter in comparison to other probes such as x-rays from synchrotron light sources. As shown in Figure 1 , the scattering cross section of many elements can be much larger for neutrons. This information can reveal the molecular and magnetic structure and behavior of materials, such as high-temperature superconductors, polymers, metals, and biological samples. In addition to studies focused on fundamental physics, neutron scattering research has applications in structural biology and biotechnology, magnetism and superconductivity, chemical and engineering materials, nanotechnology, complex fluids, and others.
Historically, most neutron sources were provided by the neutron flux from nuclear reactors. Reactor based sources provide continuous beams while accelerator based spallation sources provide pulsed beams. The pulsed neutron beams are used for observing rare processes and provide more precise energy information using time of flight measurements. However, reactor sources can provide a large neutron flux. To compete, the accelerator beam power of spallation sources must be as large as possible. The most intense spallation source is currently the Spallation Neutron Source (SNS) located in Oak Ridge Tennessee. The proton beam power of the SNS accelerator is 1 MW. The accelerator beam power at ESS is designed to be five times greater than the SNS beam power. Figure 2 shows the relative intensity of the peak neutron flux of ESS compared to other facilities. The instantaneous proton flux is limited by the amount of RF power available in the linac. To provide enough neutron flux, a proton pulse length is on the order of 1-3 mS. This pulse is then repeated at a rate of typically 15-60Hz providing a duty factor of four to six percent. Since the thermalization time constant of the neutron moderator is about 0.1 ms, the long beam pulse of protons in existing facilities is compressed in a circular proton storage ring.
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The size of the ring determines the amount of pulse compression. For economic reasons, the ring size is usually limited to about 0.5 km in circumference which limits the final compressed pulse length to 1-2 uS. The extremely short compressed pulse length increases the instantaneous beam power delivered to the target dramatically and places severe constraints on the design of the metal target.
The Long Pulse Concept
For the target to accommodate the extraordinary amount of beam power provided by the ESS linac, a standard compression storage ring cannot be used. Instead ESS will pioneer the concept of the long-pulse spallation source in which the linac beam is aimed directly on the metal target. The long pulse of neutrons emerging from the target and the moderator is then shaped or "chopped" by neutron choppers. Figure 3 shows the pulse shaping concept.
The duty factor of the ESS accelerator is dictated by the needs of the long pulse concept. The repetition rate of 14 Hz is set by the maximum speed at which the neutron choppers can rotate. The maximum pulse length of 3 ms is set by the desired peak neutron flux. Thus, to provide 5 MW of average protons beam power to the target, the ESS accelerator must provide a peak power of 125 MW. The peak beam current is limited to 62 mA by space charge concerns at the injection into the linac and the limits on peak RF power to the cavity couplers in the rest of the linac. To achieve 125 MW of peak beam power, the final energy of the linac must achieve 2 GeV. A linac with superconducting accelerating cavities is the only economical and technical choice to provide this level of energy and beam power.
Because of fabrication issues, superconducting accelerating cavity strings are much shorter (~1 m in length) than copper cavities. However, the accelerating gradients achievable by superconducting cavities are much higher. ESS will operate at a maximum accelerating gradient of 20 MV/meter at 704 MHz. At these large gradients, the Lorentz detuning of the cavities becomes significant and each cavity must be fed with its own separate regulated RF power source. Each cavity will require 1100 kW of peak RF power (44 kW of average power). There are 120 superconducting cavities in the ESS linac requiring 120 klystrons. Figure 4 shows a conceptual drawing of the ESS linac and RF gallery. To provide overhead room for regulation, the maximum saturated power capability of each klystron must exceed 1400 kW.
The dominant cost of the ESS linac is the RF system which accounts for over 37% of the total linac cost. The cost of the RF system in turn is dominated by the cost of the klystrons and associated pulsed modulators. 
New Opportunities
To reduce both construction and operation costs, ESS is looking at new avenues for providing RF power. The klystron modulators account for about half of the RF system cost. In part, this cost is a result of the demands of high voltage and high power switching required by the pulsed-cathode klystrons. The use of multi-beam Induction Output Tubes (IOTs) is of interest to ESS as a way to eliminate high voltage switching demands, reducing the capital cost, and make the power conversion for the RF sources more economical. In addition, klystrons require a substantial overhead for regulation because of the saturation effects at maximum power. This overhead transforms directly to inefficiency and higher operational costs. The improved linearity and efficiency of multi-beam IOTs might reduce the operational cost of the ESS linac significantly. Finally, ESS takes environmental concerns very seriously and was a condition for site selection. As shown in Figure 5 , it is the first science facility to be designed to be completely carbon neutral. The efficiency of multi-beam IOTs offers an innovative way of achieving ESS "greenness".
Figure 5. ESS Carbon Neutral Facility

